Equal channel angular extrusion (ECAE) is applied to an age-hardening Al-Mg-Si alloy at temperatures where concurrent aging (dynamic aging) can occur to form fine 00 -Mg 2 Si precipitates, and an ultrafine-grained matrix with high dislocation density can be maintained. This microstructure results in significant strength enhancement with little sacrifice in tensile ductility. The large plastic strain imposed by ECAE causes a fraction of the precipitates to dissolve into the aluminum matrix, which re-precipitate during subsequent aging treatment.
Introduction
It has been shown that alloys with ultrafine-grained (UFG) structure can be produced by severe plastic deformation (SPD). 1) One method for introducing large plastic strains into bulk samples is equal channel angular extrusion (ECAE).
2)
The majority of materials fabricated by ECAE are single phase metals. In the literature, ECAE deformed non-heat treatable aluminum alloys have been widely studied, including pure aluminum, [3] [4] [5] 1xxx aluminum alloys, [6] [7] [8] [9] Al-Mn alloys, 10) and Al-Mg alloys, 4, 11, 12) etc. Recently, age-hardening aluminum alloys have gradually drawn more attention. [13] [14] [15] [16] [17] Alloys having UFG structure or nanostructure (NS) usually have high strength but disappointingly low ductility. Zhao et al. 18) have recently demonstrated that it is possible to simultaneously increase the ductility and strength of a nanostructured 7075 Al alloy by incorporating very small precipitates into the nanostructured aluminum matrix. They suggested that the simultaneous enhancement of ductility and strength is due to the increased dislocation accumulation and resistance to dislocation-slip by second-phase particles.
To adopt the above mentioned strategy, 18) it is important to understand the influence of severe plastic deformation (SPD) on the microstructure evolution and mechanical properties of age-hardening alloys. To process age-hardening alloys to large plastic strains, the following factors should be considered: (1) the initial structure prior to ECAE, (2) the failure strain of the material subjected to ECAE, (3) the processing temperature, and (4) the aging response of the alloy during and/or after ECAE.
According to Apps et al., 19) the presence of coarse second phase particles may facilitate grain refinement during SPD. Ferrasse et al. 13) suggested that pre-ECAE second phase particle size strongly influences the post-extrusion microstructure and the mechanical properties of 6061 aluminum alloy. The extrusion temperature and the accumulated strain of ECAE may affect the grain size as well as the boundary character. 9, 11) A low extrusion temperature favors the formation of smaller grain sizes, but the specimen is more susceptible to cracking (especially when extruding peak-aged material). To avoid cracking, anneals between ECAE passes 13) or ECAE at elevated temperatures may be necessary. Since the extrusion temperature may coincide with the aging temperature, dynamic aging may occur during ECAE. 14) On the other hand, second phase particles can be dissolved into the aluminum matrix after imposing large plastic strain by ECAE, as reported in Al-1.7 at% Cu alloy by Murayama et al. 20) In the present work, an age-hardening Al-Mg-Si alloy was deformed by ECAE at temperatures where dynamic aging can occur. Post-extrusion aging treatment was performed on this ECAEed Al-Mg-Si alloy to investigate the aging response.
Experimental
In this work, a widely used age-hardening Al-Mg-Si alloy (AA6061) was processed by ECAE. The chemical compositions of this alloy (in mass%) are: 1.024 Mg, 0.579 Si, 0.62 Fe, 0.261 Cu, 0.103 Mn, 0.227 Cr, 0.06 Ti, 0.001 B and balance Al. The alloy was received in T651 condition, i.e., solution treated at 833 K for 4 h, water quenched, stretched 2% and aged at 453 K for 10 h. Specimens with two distinctly different initial conditions prior to ECAE were investigated: (1) fully-annealed condition (hereafter referred to as ''O''), in which the majority of solute atoms were precipitated out; (2) solution-treatment followed by water quench (hereafter referred to as ''S''), which keeps the solute atoms in solution. O-specimens were annealed at 673 K for 2 h, and S-specimens were solution treated at 803 K for 4 h, followed by water quench.
Specimens of 12 Â 12 Â 80 mm 3 were subjected to ECAE. The die for ECAE consists of two channels with square crosssection intersecting at an angle of 120
. The von Mises equivalent strain for each extrusion pass was calculated to be 0.67. 21) To reduce friction, specimens were wrapped with Teflon film before each extrusion pass. During ECAE, the specimen was rotated 90 clockwise along the long axis between each pass, i.e. the so-called route Bc was employed.
3) O-specimens were extruded at RT for 8 passes. S-specimens were subjected to 6 ECAE passes at 423 K. Despite the higher temperature first cracks developed in the S-specimen after 6 passes and ECAE was terminated. Post-ECAE aging responses of O-and S-specimens were investigated, and compared with their counterparts without ECAE.
Vickers microhardness tests were used to study the aging response. The tests were carried out with 200 g load and 15 s holding time with a Shimadzu HMV-2000 microhardness machine. The average value was calculated from 10 measuring points. Tensile tests were performed on an Instron 5582 universal testing machine with an initial strain rate of 7 Â 10 À4 s À1 . The gauge section of tensile specimens has dimension of 16 Â 4 Â 1:5 mm 3 with tensile axis parallel to the extrusion direction. Transmission electron microscopes (TEM), Philips CM-200 and Jeol JEM-3010, were used to examine the microstructure. Thin foils for TEM study were prepared by twin-jet electropolishing, in a 30% HNO 3 + 70% CH 3 OH solution at 243 K and 10 V. The microstructure fabricated by SPD generally consists of grains/subgrains with different boundary characters. For simplicity, ''grain'' will be used as a general term to denote the crystallites observed in this work.
Results and Discussion
The aging behavior of O-specimen at different aging temperatures (373, 423 and 448 K) is shown in Fig. 1 . The hardness of O-specimen before aging is 44 AE 1 Hv. The hardness remains nearly unchanged under all aging treatments. This indicates that O-specimen did not undergo substantial further microstructural evolution during aging treatment, in particular, that the formation of precipitates was completed in the heat treatment for O-specimen preparation.
After ECAE, the hardness of O-specimen increases from 44 AE 1 Hv to 90 AE 1 Hv. The hardening ensuing ECAE can be attributed to the presence of high density of dislocations distributed in a fine grain structure, Fig. 2 . The average length and width of the grains in ECAEed O-specimen are 1$1:5 mm and 0:2$0:6 mm, respectively. For ECAEed O-specimens, the variation of hardness with aging time depends on the aging temperature. It shows monotonic increase at 373 K and a peak-aged condition was found at 423 K. However, the hardness remains almost unchanged at 448 K for 2 h and is followed by softening. The hardness of ECAEed O-specimen aged at 373 K increases from 90 AE 1 Hv (before aging) to 101 AE 2 Hv (aged for 48 h). The average grain length and width of the ECAEed O-specimen aged at 373 K for 48 h are 1:5$2 mm and 0:3$0:8 mm, respectively. Compared to the ECAEed O-specimen before aging treatment, the grain size slightly increases. The slight increase in grain size should have caused some softening effect in this microstructure. Therefore, the hardening caused by aging treatment of ECAEed O-specimen suggests that the large plastic strain imposed by ECAE might have caused some precipitates to dissolve back into the aluminum matrix, which then re-precipitate during subsequent aging treatment. This result is consistent with the result of Murayama et al. 20) They reported second phase particles in an Al-1.7 at% Cu alloy can be dissolved into the aluminum matrix after large plastic strain imposed by ECAE. The softening after prolonged aging at 423 K and 448 K may be due to the coarsening of precipitates, the recovery of the dislocation structure and grain growth.
The aging response of S-specimens and ECAEed S-specimens were also investigated at 373, 423 and 448 K. The variation of hardness with aging time is shown in Fig. 3 . The hardness of S-specimen is 69 AE 1 Hv. A peak hardness of 97 AE 2 Hv can be obtained for S-specimen when aged at 448 K for 24 h. The hardening results from the formation of fine precipitates during aging treatment. As shown in Fig. 4 , there are numerous fine, needle-shaped precipitates of 00 -Mg 2 Si aligned along h100i of matrix and homogeneously distributed throughout the matrix. This precipitation behavior is consistent with the literature. 22) After ECAE at 423 K for 6 passes, S-specimen has gained significant hardening, from 69 AE 1 Hv to 123 AE 2 Hv. The increase of hardness due to ECAE is higher in ECAEed S-specimen than in ECAEed O-specimen. The microstruc- ture of ECAEed S-specimen can be characterized as a fine grain structure with high density of dislocations as shown in Fig. 5 . Strain hardening must contribute significantly to the strength of ECAEed S-specimen. The average length and width of the grains in ECAEed S-specimen are 0:5$1 mm and 0:1$0:4 mm, which are smaller than those in ECAEed O-specimen. Compared to ECAEed O-specimen, the deformation temperature of ECAEed S-specimen is higher and the imposed strain is lower, it would be thought that ECAEed S-specimen should have lower strength. It is suggested that solute pinning effect in S-specimen may have restricted the movement and recovery of dislocations during ECAE, and as a consequence, a finer grain structure results in ECAEed S-specimen. Another factor contributing to the hardness of ECAEed S-specimen is the concurrent formation of fine precipitates in ECAEed S-specimen during ECAE as shown in Fig. 6 . While the diffraction patterns of ECAEed Sspecimen ( Fig. 6(b) ) and aged S-specimen (Fig. 4(b) ) are similar, both showing long streaks aligned with the [100] and [010] directions (attributable to precipitates), TEM images reveal different precipitate morphologies. The dark field image ( Fig. 6(a) ) shows that the precipitates in ECAEed S-specimen are now no longer needle-shaped but appear as small nanosized dots and the average size of the precipitates is about 4 nm. These small dots may result from large strain introduced by ECAE, which fragments the needle-shaped precipitates into smaller pieces. The diffraction pattern ( Fig. 6(b) ) is consistent with 00 -Mg 2 Si.
23)
The hardness of ECAEed S-specimen increases from 123 AE 2 Hv to 134 AE 2 Hv after aging at 373 K for 48 h, and it increases to 135 AE 2 Hv after aging at 423 K for 4 h. These results suggest that precipitation was not completed during 6 ECAE passes (dynamic aging) for ECAEed S-specimen. Post-ECAE aging at 373 K or 423 K may further strengthen the material by forming more precipitates. However, aging at 448 K, the hardness remains almost unchanged to $2 hours and followed by softening for longer aging time. The softening of ECAEed S-specimens after long-time aging at 448 K may be attributed to the recovery of dislocation structure and coarsening of precipitates. The tensile stress-strain curves of selected specimens are shown in Fig. 7 , where the curve of T651 treated material is also shown for comparison. ECAEed O-specimens exhibit strength and ductility slightly inferior to T651 treated material. For O-specimens, post-ECAE aging improves both the strength and ductility. However, ECAEed S-specimen shows $25% increase in tensile strength with slightly lower but comparable tensile ductility as compared to T651. While post-SPD aging at 373 K for 48 h does not change the strength of S-specimen substantially, the failure strain is slightly reduced. As suggested by Zhao et al. 18) on a 7075 Al alloy, the simultaneous enhancement of ductility and strength in this alloy may be attributed to the ultrafine-grained matrix with high dislocation density and the presence of fine precipitates which provide resistance to dislocation-slip and increased dislocation accumulation.
Summary
This work shows that a solution treated age-hardening AlMg-Si alloy severely deformed at low aging temperatures forms fine 00 -Mg 2 Si precipitates, while an ultrafine-grained matrix with a high dislocation density is achieved. Compared with fully-precipitated material of the same composition subjected to SPD to higher strain at lower temperature (conditions normally presumed to produce greater grain refinement in the same material), SPD at low aging temperatures leads to significantly greater grain refinement and increased strength as well as tensile ductility. Further, SPD causes incomplete or partially reverses precipitation, making post-SPD aging beneficial. In summary, we have shown that SPD of solutionized AA6061 at aging temperatures results in significant strength enhancement with little reduction in tensile ductility compared to conventional T651-conditioned material. ECAEed O-specimen aged at 373K-48h
ECAEed O-specimen ECAEed S-specimen aged at 373K-48h
Engineering Stress,
σ/MPa
Engineering Strain, ε
T651
ECAEed S-specimen Fig. 7 Tensile stress-strain curves for ECAEed O-specimen, ECAEed O-specimen aged at 373 K for 48 h, ECAEed S-specimen and ECAEed S-specimen aged at 373 K for 48 h. The stress-strain curve of T651 treated material is included for comparison.
